As the most abundant solid phase at depths of 410-525 km, wadsleyite constitutes a large geochemical reservoir in the Earth. To better understand the implications of minor element substitution and cation ordering in wadsleyite, we have synthesized wadsleyites coexisting with pyroxenes with 2-3 wt% of either TiO 2 , Cr 2 O 3 , V 2 O 3 , CoO, NiO, or ZnO under hydrous conditions in separate experiments at 1300 °C and 15 GPa. We have refined the crystal structures of these wadsleyites by single-crystal X-ray diffraction, analyzed the compositions by electron microprobe, and estimated M3 vacancy concentration from b/a cell-parameter ratios. According to the crystal structure refinements, Cr and V show strong preferences for M3 over M1 and M2 sites and significant substitution up to 2.9 at% at the tetrahedral site (T site). Ni, Co, and Zn show site preferences similar to those of Fe with M1≈ M3 > M2 > T. The avoidance of Ni, Co, and Fe for the M2 site in both wadsleyite and olivine appears to be partially controlled by crystal field stabilization energy (CFSE). The estimated CFSE values of Ni 2+ , Co
intRoDuction
Wadsleyite (b-Mg 2 SiO 4 ) is a phase of very broad geochemical significance and is considered to be the fourth most abundant silicate phase in the Earth (after bridgmanite, olivine, and ringwoodite). The total mass of wadsleyite in the mantle may be more than four times the mass of the crust. High-pressure mineralphysics studies (Bolfan-Casanova et al. 2000; Demouchy et al. 2005; Kohlstedt et al. 1996) show that transition-zone minerals at average mantle temperatures have significantly higher water solubility (on the order of 1 wt% under realistic T and P conditions and as much as 3 wt%) than upper mantle minerals (less than 0.1-0.2 wt%), and as the ascending ambient mantle rises out of the high-water-solubility transition zone into the low-solubility upper mantle above 410 km, it may undergo dehydration-induced partial melting (Bercovici and Karato 2003) . Unlike olivine, wadsleyite can also incorporate significant amounts of trivalent cations at both tetrahedral and octahedral sites (Bolfan-Casanova et al. 2012; Smyth et al. 2014) . Therefore, minor element substitution in wadsleyite may have played a significant role in the chemical evolution of the bulk silicate Earth. Substitution of hydrogen and transition metal cations in wadsleyite can influence the depth of wadsleyite-olivine boundary and may result in hydrous melting at the interface between the transition zone and upper mantle (Woodland and Angel 1998; Kawamoto et al. 1996; Inoue et al. 2010; Deon et al. 2011; Bercovici and Karato 2003; Bolfan-Casanova et al. 2012) .
Wadsleyite has the spinelloid III crystal structure (Akaogi et al. 1982) that is based on a cubic-close-packed array of oxygen anions. The structure (see Fig. 1 ) is nominally orthorhombic (space group Imma), but can be slightly monoclinic (space group I2/m) with a b angle up to 90.4° (Smyth et al. 1997) . Wadsleyite has three symmetrically distinct divalent octahedral sites: M1 (4a position, point symmetry 2/m), M2 (4e position, point symmetry mm), and M3 (8g position, point symmetry 2), one tetrahedral site T (8h position with point symmetry m), and four distinct oxygen positions: O1 (4e position, point symmetry mm), O2 (4e position, point symmetry mm), O3 (8h position, point symmetry m), and O4 (16j general position). The tetrahedral sites form Si 2 O 7 dimers and are unusually large with one of the longest Si-O distances of any pure silica tetrahedron (>1.70 Å). The polyhedral volume of the tetrahedron at one atmospheric pressure is about 4% larger than that of forsterite (Smyth and Bish 1988) and therefore may be expected to partition trivalent transition metals from olivine. The O2 position is the bridging oxygen of the Si 2 O 7 group and is also bonded to one M2, so it is overbonded. By contrast, O1 is bonded to five Mg, but not to Si, and is thus underbonded. Therefore, the non-silicate O1 is a potential site for protonation, and charge balance is commonly maintained by cation vacancy at M3 (Smyth 1987; Jacobsen et al. 2005; Deon et al. 2010; Ye et al. 2010) . Protonation in wadsleyite can occur along the O1···O1, O1···O3, O1···O4, and O3···O4 edges of a vacant M3 octahedron and the O4···O4 tetrahedral edge of the Si 2 O 7 group (Jacobsen et al. 2005; Deon et al. 2010 ). Gudfinnsson and Wood (1998) determined the partitioning of Ti, Al, Cr, Ni, Ca, and Na between coexisting olivine and wadsleyite at 1400-1600 °C, 13.2-14.2 GPa, indicating that all, except Ca, partition preferentially into wadsleyite relative to olivine. The order of preference for wadsleyite is Ni < Na < Cr < Ti < Al, with D wad/ol of about 2 for Ni, 3 for Na, and between 5 and 8 for Cr, Ti, and Al.
Previous experimental studies on iron-bearing wadsleyite have shown that Fe is significantly ordered among the octahedral sites. Under dry conditions, Finger et al. (1993) found that iron strongly avoids M2 and is enriched in both M1 and M3 for wadsleyite samples that were synthesized under various P-T conditions (14.5-16.5 GPa and 1400-1800 °C). The same strong ordering of iron was observed by Smyth et al. (2014) in wet and oxidized samples, which were synthesized at lower pressure and temperature (12-14 GPa and 1400 °C), indicating that neither the P-T condition nor the incorporation of hydrogen has significant influence on site preferences of iron at octahedral sites in wadsleyite. In addition, Frost and McCammon (2009) :Si under dry conditions at 12.7-14.5 GPa and 1200-1600 °C. Similar dependencies were observed in hydrous wadsleyites (synthesized at 12-14 GPa and 1400 °C) as well (Bolfan-Casanova et al. 2012; Smyth et al. 2014) , implying that the incorporation of hydrogen does not significantly alter the mechanism of Fe 3+ substitution. Although the ordering of Fe in wadsleyite has been well documented, the reasons for it remain unclear. Fe-Mg wadsleyites are always strongly ordered even when quenched from temperatures above 1400 °C, whereas Fe-Mg olivines rarely show significant cation order. This is true despite the fact that the differences in octahedral site volumes in wadsleyite are smaller than those in olivine. Also, the site preferences for other transition metals in the same period (such as Ti, Cr, V, Co, Ni, and Zn) are unknown. To better understand cation ordering and transition metal solubilities in wadsleyite, we have synthesized Mg-rich wadsleyites with sufficient amounts of transition metals, Ti, Cr, V, Co, Ni, and Zn, to observe site preferences by single-crystal X-ray diffraction.
expeRimentaL woRk

Synthesis
Synthesis experiments were conducted in the 1200 tonne Sumitomo multi-anvil press at Bayerisches Geoinstitut, University of Bayreuth, Germany using 14/8 assemblies (14 mm MgO octahedron with 8 mm corner truncations on 32 mm WC cubes and using LaCrO 3 heaters). Capsules were 1.6 mm diameter welded Pt with two separate capsules per experiment each 1.4 mm in length. Starting materials were mixed from oxides SiO 2 (quartz), MgO (periclase), Mg(OH) 2 (brucite) plus 2-3 wt% of either NiO, ZnO, CoO, V 2 O 3 , Cr 2 O 3 , or TiO 2 in the six separate capsules. Water (H 2 O) content in each experiment was about 1.6 wt% as brucite in the starting material. Heating duration in each experiment was 220 min. Quench to temperatures below 500 °C was about 3 s. Recovered capsules were mounted in epoxy on 24 mm round glass slides and ground to expose the run products.
Electron microprobe analysis
Mineral and melt compositions were determined in all samples using a JEOL 8600 electron microprobe (EPMA) at the University of Colorado, Boulder. Acceleration voltage was 15 kV, beam current was 20 nA, and beam size was 5 mm. Standards for Mg and Si were Fo 90 olivine, Ni = nickel metal, Co = cobalt metal, Zn = sphalerite, V = vanadium metal, Cr = chromite, and Ti = ilmenite. Water content was estimated using XRD data, and from a relationship between M3 vacancy and hydrogen content derived by Jacobsen et al. (2005) . Mineral formula was recalculated assuming a total of four O atoms, including the estimated water content.
Raman spectroscopy
Raman spectroscopy was conducted at the Raman Microspectroscopy Laboratory at the Department of Geological Sciences, University of Colorado-Boulder. Ambient-temperature, unpolarized Raman spectra of all hydrous wadsleyites were collected from randomly oriented specimens with a Horiba LabRam HR Evolution Raman spectrometer with 532 nm laser excitation.
X-ray diffraction
Single wadsleyite crystals were selected from the capsules and mounted on glass fibers for X-ray diffraction analysis. Intensity data were collected on a Bruker APEX II CCD detector on a Siemens/MAC-Science 18 kW rotating Mo-anode X-ray generator at the University of Colorado, Boulder; 50 kV voltage, 250 mA current and calibrated radiation (l = 0.71073 Å) were used for all measurements. Crystal structure, atom position, occupancy, and displacement parameters were refined from the intensity data sets using (Cromer and Mann 1968) , and O 2- (Tokonami 1965 ) were used, as these were found to give reliable cation occupancy refinement for pure Mg phases (Smyth et al. 2004 (Smyth et al. , 2014 Ye et al. 2009 ). Since the TiO 2 content estimated from sites occupancies on the basis of ionic scattering factor from Cromer and Mann (1968) is inconsistent with microprobe analysis, neutral atom refinement was employed to estimate site preferences of Ti 4+ in Ti-bearing wadsleyite.
ResuLts anD Discussion
The assemblages of coexisting wadsleyite, clinoenstatite, and quench melt in all six capsules are shown in Figures 2a and 2b . For wadsleyite, the grain size in each sample was approximately 100 mm. Textures typically had wadsleyite in the center with pyroxene in contact with the Pt capsule. The minor transition metals were typically enriched in the wadsleyite relative to the pyroxene imparting strong color to the wadsleyite in the case of Co (red), Ni and Cr (green), and V (yellow-brown), whereas the Ti and Zn wadsleyites remained colorless (see Fig. 2a ). The focused backscattered electron images for all six samples are shown in Figure 2b . For Co, Ni, V, Cr, and Ti wadsleyites, Raman spectra in the lattice vibration region (0-1200 cm -1 ) show the characteristic wadsleyite structure (see Fig. 3a ). Unlike olivine and ringwoodite, wadsleyite is a sorosilicate with Si 2 O 7 groups and without individual SiO 4 groups (Smyth 1987) . The stretching vibrations of the Si 2 O 7 unit can be divided into the symmetric stretch of the disilicate group (Si-O-Si) and the symmetric stretching of the SiO 3 terminal unit (Kleppe et al. 2001 (Kleppe et al. , 2006 . Therefore, as shown in Figure 3a , all spectra show the presence of two sharp bands at about 720 and 920 cm -1 , corresponding to the symmetric stretching of Si-O-Si bridges and SiO 3 symmetric stretching, respectively (Kleppe et al. 2001 (Kleppe et al. , 2006 . For Co, Ni, and V wadsleyites, the spectra in the 3000-3700 cm -1 region (see Fig. 3b ) displayed broad bands at about 3320-3390 cm -1 , showing the stretching vibration of OH (Kleppe et al. 2001 (Kleppe et al. , 2006 . The spectrum of Zn wadsleyite showed strong fluorescence, thus the lattice vibrations were not observed. Similarly, Ti and Cr wadsleyite samples showed high fluorescence in the >3000 cm -1 range obscuring O-H stretching vibrations (see Fig. 3c ). Detailed electron microprobe chemical analyses of wadsleyites were performed for each of the six samples (see Table 1 ). The results indicate that wadsleyite can incorporate transition metals Ti, Cr, V, Co, Ni, and Zn with significant oxide contents (0.56, 3.73, 3.40, 3.40, 5.98 , and 4.52 wt%, respectively), and the concentrations of these minor transition metals were higher in the wadsleyite than in coexisting pyroxene (0.13, 0.46, 0.96, and 1.86 wt% for TiO 2 , V 2 O 3 , CoO, and ZnO, respectively; see Table 2 ). Since the interference from residual brucite due to size constraint of spot cannot be ruled out, the chemical compositions of quench melt were not reported.
All six synthetic hydrous wadsleyite crystals have been refined by single-crystal X-ray diffraction. The contrast in scattering between the minor transition metals and the major cations (Mg and Si) allows good precision in site occupancy refinements. Crystal structure refinement parameters are summarized in Table  3 . Atom position and occupancy are reported in Tables 4, 5 , and 6. CIF is available 1 .
Unit-cell parameter and vacancy concentration
Jacobsen et al. (2005) reported a systematic study of OH in wadsleyite (synthesized at 16-18 GPa and 1200-2100 °C) and suggested that the substitution of H in wadsleyite gives rise to the expansion of b axis and contraction of a axis, thus the b/a axis length ratio can be used to indicate water content and thus M3 vacancy content if H is charge balanced by M3 vacancy only. Consistent with this hypothesis, Ye et al. (2009) reported more than 20% vacancy at M3 in a hydrous Mg-wadsleyite, which was synthesized at the relatively lower pressure and temperature (12 GPa and 1250 °C). A relationship between vacancy concentration (mainly at M3) and hydrogen content has been derived by Jacobsen et al. (2005) as follows:
where b/a is the length ratio of axes, and C H2O is in parts per Table 1 . Smyth et al. (2014) showed that for Fe-bearing wadsleyites (synthesized at 12-14 GPa and 1400 °C), the Fe contents measured from the single-crystal X-ray refinement based on the vacancy estimation by b/a ratio are consistent with the Fe contents measured with electron microprobe. Thus, a modified equation put forward by Smyth et al. (2014) on the basis of Equation 1 was employed to estimate the M3 vacancies in this study, assuming that number of M3 vacancies per formula unit is equivalent to one half the number of H atoms per formula unit:
where Si and M are the number of Si cations per four O atoms and molar mass of the wadsleyite derived from electron microprobe data in Table 1 . The estimated M3 vacancies are shown in Table 5 . Co, Ni, and Zn incorporation in wadsleyite Previous experimental studies on high-pressure phase transformations of transition metal orthosilicates M 2 SiO 4 (M = Mg, Co, Zn, and Ni) indicate that Co, Ni, and Zn can substitute for Mg in the wadsleyite structure. Morimoto et al. (1974) synthesized pure b-Co 2 SiO 4 at 1420 °C and 8.1 GPa. Syono et al. (1971) reported the high-pressure (13 GPa) synthesis of the spinelloid III phase of Zn 2 SiO 4 . Although no previous studies support Smyth et al. (2014) .
the existence of pure b-Ni 2 SiO 4 , the spinelloid III phase of Nialuminosilicate has been observed as one of the five designated phases (I-V) (Ma 1974; Akaogi et al. 1982) . Consistent with the site preference of Fe in wadsleyite (Finger et al. 1993; Smyth et al. 2014) , Ni, Co, and Zn are all strongly ordered avoiding M2 while occupying both M1 and M3 sites (Fig.  4a) . The observed ordering of these divalent cations is not likely to be due to their cation radii alone. For instance, although Ni 2+ has a smaller ionic radius than Mg 2+ (Shannon 1976 . Thus, crystal field stabilization energy (CFSE) is considered to be an important factor, which affects the site preferences of these divalent cations.
Effects of crystal field stabilization energy and cation radius on divalent cation ordering
In wadsleyite structure, both the M1 and M2 sites are each bonded to four O4 atoms in a plane normal to c, so the four bonds are symmetrically equivalent. Normal to this plane, M1 is bonded to two O3 atoms and the bonds are equivalent and slightly longer than those to the O4 atoms. For M2, however, the bonds normal to the plane of the O4 bonds are very different; the bond to O1 (non-silicate oxygen) is short, whereas the bond to O2 (bridging oxygen) is long (see Table 5 ). According to crystal field theory, the additional splitting of the degenerated electronic ground state of the ion at descending symmetry of the crystal field at M2 must result in lowering of the ground level energy and, thus, in a higher value of CFSE. As shown in Figure 5a, , and Zn 2+ at octahedral sites in oxide structures (McClure 1957; Dunitz and Orgel 1957; Burns 1993) have a positive correlation with octahedral occupancy ratios [M2/(M1+M3)]. Therefore, the site preferences of these divalent cations among three distinct octahedral sites can be explained by the larger negative value of the CFSE, the stronger the stabilizing effect of the transition metal ion in the structure.
In olivine, the octahedral site volume differences are larger than in wadsleyite with M2 having the larger polyhedral volume. McCarty et al. (2015) (McClure 1957; Dunitz and Orgel 1957; Burns 1993 ) (see Fig. 5b ). This correlation implies that crystal field effect is an important factor that controls the cation ordering at octahedral sites in both wadsleyite and olivine.
As shown in Figures 4a and 5a , Zn shows a weak site preference among octahedral sites in wadsleyite, though Zn 2+ has 10 electrons in d-orbitals and hence no CFSE. This phenomenon is possibly related to the anisotropic length change in axes. According to Finger et al. (1993) , the elongations of the a and c axes due to Fe 2+ substitution are inconsistent with that of b, and this anisotropy results in the relative depletion of Fe 2+ in M2 relative to M1 and M3. Also, the inconsistent elongations of the axes can possibly restrict the solubility of Zn 2+ in M2 octahedron, since Zn 2+ has larger ionic radius than Mg 2+ (Shannon 1976 (Shannon 1976) , and they are too large to substitute into tetrahedral sites in wadsleyite. This prediction was verified by the calculated occupancy radios [2T/ (M1+M2+2M3)], which reveal the proportion of transition metal i`ons at tetrahedral sites (see Fig. 6 ). Similarly, the comparatively high occupancy of Ni 2+ (see Table 5 and Fig. 4a ) at M1 can also be attributed to the effects of cation radius and octahedral volume. Unlike Co 2+ and Zn
2+
, Ni 2+ is smaller than Mg 2+ (Shannon 1976 ), thus it is more likely to occupy M1, which has a slightly smaller (McClure 1957; Dunitz and Orgel 1957; Burns 1993) , whereas the occupancy ratio [M2/(M1+M3)] of Fe 2+ in dry system (see Table 2 of Finger et al. 1993 ) is less than that of Co 2+ under hydrous conditions (see Table 5 and Fig. 5a ). This disagreement is possibly related to H substitution and the size of the ferrous cation. Although hydrogen is not likely to affect the site preferences of divalent cations at octahedral sites in wadsleyite (Finger et al. 1993; Smyth et al. 2014 ), H substituting into octahedral sites (Mg 2+ = 2H + ; Inoue et al. 1995) can lower the occupancy of Co 2+ at M3, and thus may result in a relatively higher occupancy ratio [M2/(M1+M3)], since vacancies at octahedral sites mainly occur at M3 (Jacobsen et al. 2005 ). In addition, Hazen et al. (2000a) cited some evidences for M2 being the smallest octahedron in Fe-bearing wadsleyite under high pressure (over 8 GPa). Thus, for Fe
, it is more difficult to substitute into the smaller M2 because of its large ionic radius (larger than Mg 2+ according to Shannon 1976) .
Cr and V incorporation in wadsleyite
In agreement with previous experimental studies on incorporation of trivalent cations in wadsleyite (Gudfinnsson and Wood 1998; O'Neill et al. 1996; Woodland and Angel 1998; Deon et al. 2011; Smyth et al. 2014) , our microprobe analyses demonstrate that significant amounts of Cr 2 O 3 (3.73 wt%) and V 2 O 3 (3.40 wt%) can substitute into wadsleyite (see Table 1 ). X-ray structure refinements in this study show that Cr and V have a strong preference for M3 over M1 and M2 and significant substitution up to 7.4 at% at the M3 site (see Fig. 4b and Table 5 ). For T site, 2.9% and 2.1% can be occupied by V and Cr, respectively (see Fig. 4b and Table 6 ).
The substitution of trivalent Cr 3+ and V 3+ can be explained by the following equation, which is modified from Bolfan-Casanova et al. (2012) and Smyth et al. (2014) ), in Kröger-Vink notation (Kröger and Vink 1956 ) the subscripts refer to the site (Me for octahedral site, Si for tetrahedral site, and O for oxygen position), and the superscripts to the charge ([•] for an excess positive charge, [ʹ] for an excess negative charge, and x for charge neutrality). The trivalent Cr 3+ and V 3+ in the tetrahedral site and the hydroxyl defects can associate to form neutral defect complexes:
As shown in Equation 3, the incorporation of Cr 3+ and V 3+ corresponds to the formation of octahedral vacancies. Since these vacancies mainly occur at M3 (Jacobsen et al. 2005) , Cr and V are more likely to occupy M3 compared with M1 and M2 (see Fig. 4b ).
Trivalent cations in the tetrahedral site
The calculated occupancy ratios [2T/(M1+M2+2M3)] (see Fig. 6 ) imply that Cr and V tend to occupy both octahedral and tetrahedral sites. Although the possible presence of minor Cr 6+ and V 5+ cannot be ruled out, the higher-than-expected occupancies of Cr and V at the tetrahedral sites are possibly due to the specialty of wadsleyite structure.
The tetrahedral volume in wadsleyite is larger than that in olivine (Smyth and Bish 1988) . Therefore wadsleyite is predicted to incorporate more Cr 3+ and V 3+ (larger than Si 4+ according to Shannon 1976) in its tetrahedral site. According to Smyth et al. (2014) , trivalent cations in the tetrahedron are predicted to stabilize the wadsleyite structure by increasing the overall size of the site, especially the distances to the non-bridging O atoms. In addition, trivalent cations substituting into this site can reduce the site potential at O2, relieve the overbonding of the bridging oxygen, and decrease the distortion (Woodland and Angel 1998; Smyth et al. 2014) . Therefore both Cr and V have relatively high occupancies at the tetrahedral sites. , and V 3+ in wadsleyite (for Cr and V, possible presence of minor Cr 6+ and V 5+ cannot be ruled out). T is tetrahedral site; M1, M2, and M3 are three symmetrically distinct octahedral sites.
Partition of Cr and V around wadsleyite-olivine boundary
As shown in Figure 7a , the solubility of Cr in olivine (Gudfinnsson and Wood 1998) is significantly lower than that in wadsleyite. Also, Price et al. (1983) demonstrated that natural wadsleyite has greater capability of incorporating Cr comparing with coexisting olivine from Peace River meteorite (see Fig. 7b ). Since V and Cr have similar ionic radii (Shannon 1976 ) and nearly identical mechanism of substitution, in all probability, wadsleyite is more likely than coexisting olivine to incorporate V as well. Therefore, Cr and V may be enriched in a melt or an accessory phase if hydrous melting occurs on upward convection across the wadsleyite-olivine boundary.
Ti incorporation in wadsleyite
The solubilities of TiO 2 in both wadsleyite (0.56 wt%; see Table 1 ) and coexisting pyroxene (0.13 wt%; see Table 2 ) are relatively low compared to Cr 2 O 3 , V 2 O 3 , ZnO, NiO, and CoO. This preference is in agreement with Mibe et al. (2006) previous reported element partitioning between transition-zone minerals and melt (Ti prefers melt to wadsleyite) under hydrous conditions. For tetravalent Ti
4+
, the site preferences Ti M3 > Ti M1 > Ti M2 ≈ Ti T (see Fig. 4c , Tables 5 and 6) have been recorded on the basis of X-ray structure refinement results. From b/a axial length ratios, we estimate 4.8 at% M3 vacancies (see Table 5 ). The inferred substitution mechanism of Ti 4+ is shown below.
The incorporation of Ti 4+ in wadsleyite also results in formation of octahedral vacancies. Since these vacancies are mainly at M3 (Jacobsen et al. 2005) , the site occupancy of Ti 4+ at M3 is apparently greater than M1 and M2 as shown in Figure 4c .
The direct substitution of Ti 4+ on the T site can be written in the following reaction
According to Inoue et al. (1995) and Bolfan-Casanova et al. (2012) , the incorporation mechanism of H + can be interpreted as below.
with formation of defect associates:
Ti partition around wadsleyite-olivine boundary Dobrzhinetskaya et al. (2000a) analyzed the conditions that were responsible for the high solubility of TiO 2 in olivine, and conclude that it must have involved extremely high pressure (12 GPa for 1 wt%). They conducted multi-anvil experiments under various P-T conditions and showed a positive correlation between pressure and TiO 2 solubility, indicating that olivine has a greater ability to incorporate TiO 2 near the olivine-wadsleyite boundary than in upper mantle, especially at higher temperatures. Consistent with previously reported partitioning of Ti between wadsleyite and olivine (Gudfinnsson and Wood 1998) , our microprobe analyses show that wadsleyite has a greater capability of incorporating TiO 2 than does olivine (see Fig. 7a ). Therefore, if hydrous melting occurs on upward convection across the wadsleyite-olivine boundary, Ti is likely to partition into melt or other accessory phases and be depleted in olivine.
impLications First, X-ray structure refinement results show that Ni, Co, and Zn substitute up to 7 at% at octahedral sites. They are all strongly ordered avoiding M2 while enriched in both M1 and M3 sites, and the occupancies in tetrahedral sites are lower than those in all three octahedral sites. Cr and V show the preferences for M3 over M1 and M2 sites. Ti tends to substitute into M3 octahedron, and the site occupancy is significantly greater than that at M1, M2, and T sites. The maximum observed solubilities of transition metals Zn, Ni, and Cr in natural wadsleyites and olivine in fragments from Peace River meteorite (Price et al. 1983 ).
Second, for Ni, Co, and Zn, the observed cation orderings are inconsistent with their divalent cation radii, although the relatively low occupancies at tetrahedral sites and the relatively high occupancy of Ni at M1 are possibly related to cation radii and site sizes. The avoidance of Ni, Co, and Fe for the M2 site in both wadsleyite and olivine can be partially controlled by crystal field stabilization energy (CFSE). The estimated CFSE values of Ni 2+ , Co
2+
, and Zn 2+ (McClure 1957; Dunitz and Orgel 1957; Burns 1993) show a positive correlation with occupany ratios [M2/(M1+M3)] of these transition metals, indicating the larger negative value of the CFSE, the stronger the stabilizing effect of the transition metal ion in the structure.
Third, our experiments reveal that Cr, V, and Ti have greater solubilities in wadsleyite than in olivine. If whole-mantle convection has taken place, much of the bulk silicate Earth has been through this phase and may have fractionated against melt at 410 km depth (Bercovici and Karato 2003) . Therefore our experiments indicate that Ti, Cr, and V may be enriched in a melt or an accessory phase if hydrous melting occurs on upward convection across the wadsleyite-olivine boundary.
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